Abstract Removing the crustal signature from teleseismic travel times is an important procedure to reduce the trade-off between crustal and mantle velocity heterogeneities in seismic tomography. Because reverberations of long-and short-period body-wave arrivals in the crust affect the waveforms of the direct arrivals differently, the crustal effects on travel times measured by waveform cross correlation are frequency dependent. With synthetic responses of selected crustal models, this short note illustrates the significance of frequency-dependent crustal corrections to finitefrequency body-wave travel-time tomography. The differences in crustal correction between long-and short-period body waves at the same station can be as large as 0.6 sec, depending on the crustal thickness, velocity contrast at the Moho, and layering within the crust.
Introduction
Variations in station elevation and crustal structure beneath seismic stations are responsible for a significant fraction of observed teleseismic body-wave travel-time anomalies. In regions having large variations in crustal thickness (e.g., eastern Eurasia and central Andes) or complex crustal structure, the crust may account for half of the observed travel-time residuals (Kissling, 1993; Beck et al., 1996; Martin et al., 2005) . In teleseismic body-wave tomographic studies, the crustal and shallow-mantle structure usually cannot be directly resolved in the inversion because incident waves from teleseismic events propagate nearly vertically and do not cross each other at shallow depths (e.g., Wolfe et al., 1997) . If crustal anomalies are not removed from travel-time residuals, they tend to be mapped into deeper mantle, causing artificial velocity anomalies in tomographic models (e.g., Waldhauser et al., 2002) . Travel-time correction for shallow structure, therefore, has been an essential procedure in seismic tomography to improve the resolution in the mantle.
There are two common approaches to cope with this problem. The first is to add an additional unknown for each station to be solved in the inversion (e.g., Evans and Achauer, 1993; VanDecar et al., 1995; Wolfe et al., 1997; Foulger et al., 2001) . These additional unknowns, or station terms, are used to account for travel-time anomalies associated with the crustal and shallow-mantle structure and are solved simultaneously with the velocity structure in the in-*Present address: Jackson School of Geoscience, the University of Texas at Austin, 1 University Station C1100, Austin, Texas 78712. version. One notable characteristic of this approach is that the station terms include the effects from both the crust and shallow mantle. Thus for studies with a large station spacing, the shallow-mantle structure is usually "absorbed" into the station terms and unresolved. By definition, the station terms do not vary with frequencies, epicentral distances, and backazimuths of incoming waves.
For regions where the crustal structure has been determined from other observations such as surface-wave studies, receiver function analyses, and/or reflection and refraction seismic profiles, the crustal effects relative to a reference model can be removed by subtracting the travel-time anomalies accrued within the crust from the total travel-time delays. The residual travel-time delays are then used to invert the mantle structure (e.g., Dawson et al., 1990; Allen et al., 2002; Keyser et al., 2002) . Compared with the station-term method, this approach is valuable for imaging the shallowmantle structure (e.g., Allen et al., 2002) , in particular, when the a priori crustal structure is considered to be well constrained. Crustal corrections in this approach may vary with epicentral distances and backazimuths of incoming waves. They are usually calculated for the direct arrival under ray theory without any consideration to the reverberation of the wave in the crust (e.g., Allen et al., 2002; Waldhauser et al., 2002; Hung et al., 2004; Martin et al., 2005) . When the arrival time of a seismic phase is handpicked from the onset of the arrival, ray theory is commonly used and justified by the argument that the onset represents the arrival of the highest-frequency signal in the seismogram. But it is often difficult to pick the onset of the arrival accurately when the arrivals are long period, emergent, or of less-than-excellent signal-to-noise ratio.
The availability of digital seismic records has made it a common practice to obtain travel times by cross-correlating seismic waveforms (VanDecar and Crosson, 1990) . For finite-frequency seismic signals, reverberations of the arrival in the crust beneath a station may overlap with the direct arrival and thus may significantly change the waveform of the direct arrival. The travel times obtained by waveform cross-correlation are therefore sensitive to crust reverberations, especially at low frequencies and for the crust with strong reflectors at shallow depth. As a result, the correction calculated for the direct ray path under ray theory cannot fully account for the effects of crustal variations on travel times measured by waveform cross correlation.
This problem is often neglected in ray-based tomography and has now become more severe for the newly developed finite-frequency seismic tomography (FFST), in which the travel-time calculation is based on 3D sensitivity kernels (Dahlen et al., 2000) instead of ray theory. Because the 3D volumes of low-frequency kernels are broader than those of higher-frequency signals, low-frequency signals offer constraints on the structure farther away from geometrical rays. This more realistic representation of wave propagation helps to obtain a smoother, more even sampling of the velocity structure beneath stations. At ocean bottom and ocean island environments, where the microseism is high (Wilcock et al., 1999) , most useful arrivals with good signal-to-noise ratios are in the low-noise notch (roughly 0.03-0.1 Hz; Webb, 1998) , the low-frequency range in teleseismic body-wave tomography. To isolate the microseism, Hung et al. (2004) , Shen and Hung (2004) , and Yang et al. (2006) filtered broadband P-wave records in the high-, intermediate-, and lowfrequency bands (0.5-2, 0.1-0.5, and 0.03-0.1 Hz, respectively), and combined the travel times measured in the three frequency ranges in joint tomographic inversions. About 60% of the useful P-wave arrivals in the Iceland data set, for example, is long period. For these reasons, long-period travel-time data and their correction for crustal effects are important in FFST, which offers the potential to utilize more information in broadband waveforms than ray theory.
Here we present a crustal correction method, in which crustal reverberations for arrivals with different frequencies are taken into account. Using synthetic waveforms, we show that the crustal correction can be approximated by the waveform shift measured by cross correlation of the response of a given crustal model and that of the reference model in a narrow-frequency band.
Effects of Crustal Reverberations on Travel Times
We use synthetic seismograms to demonstrate that the effects of body-wave reverberations in the crust beneath a station on travel times measured by waveform cross correlation are frequency dependent. We construct synthetic seismograms by convolving a source time series with the impulse response of a crustal model. Our source function is chosen to be the first derivative of a Gaussian pulse, of the form
where the frequency content of this source function is controlled by s. This time function is a full-cycle pulse (shown in Fig. 1a ). The impulse responses are computed for a given layered crustal model and a ray parameter using Kennett's reflectivity matrix approach (Kennett, 1983) . The calculation yields a full response including mode conversions. For our purposes, we consider the response at the free surface. Figure 1 shows the procedure of calculating synthetic seismograms from two crustal models and the frequencydependent crustal corrections obtained from waveform cross correlation. One of the models is the IASP91 (Kennett and Engdahl, 1991) . The other is the crustal structure beneath the Global Seismic Network (GSN) station DGAR (7.412Њ S, 72.453Њ E), an ocean island site with a relatively thin crust, from CRUST2.0 (Bassin et al., 2000) . For simplicity, the first four layers in CRUST2.0 (water, ice, and soft and hard sediment) are not included in the calculations. This is reasonable because permanent seismic stations are usually set up on bedrocks. The thickness, V p , V s , and density of each layer in the two crustal models are shown in Figure 1b . Figure 1c shows the calculated impulse responses of these two models to an incident P wave by the reflectivity matrix method (Kennett, 1983 ). The impulse responses are then convolved with the source time function (Fig. 1a) to generate synthetic seismograms (Fig. 1d) . To find the frequency dependence of the travel-time differences between the two models, we filtered these seismograms using the high-, intermediate-, and low-frequency bands as in Hung et al. (2004) (0.5-2, 0.1-0.5, and 0.03-0.1 Hz, respectively). Relative travel-time delays or crustal corrections for the three frequency bands are then measured from the cross correlation of the two filtered seismograms. As shown in Figure 1e , while the travel-time differences are nearly identical for high-and intermediate-frequency signals, the arrival at DGAR at the low frequency is much earlier (by an additional 0.65 sec) than at the intermediate and high frequencies, due to the overlap of crustal reverberations with the long-period direct arrivals and the smaller separation between the reverberations and the direct arrival at the station above a thin crust.
To see how variations in crustal thickness alone affect the travel times measured by waveform cross correlation, we systemically generated crustal models with different crustal thicknesses and repeated the preceding procedure to calculate the corrections relative to the IASP91 model. In this experiment, the crust is a two-layer model, in which the thickness of each layer is increased or decreased by the same amount incrementally while all other parameters are kept the same as those in IASP91. Figure 2 shows the relationship between the crustal thickness and corrections. Corrections for low-, intermediate-, and high-frequency signals differ when the crustal thickness is less than that of IASP91 (35 km), with the most significant differences in the thickness range of 6-24 km. For the crust with a thickness near or greater than 35 km, the separation between the main reverberation phase (PmP) and the direct arrival is greater than 11 sec, sufficiently large that the reverberation does not overlap with the direct arrival and thus does not affect the measured travel times. To see how internal layering affects the travel time measured by waveform cross correlation, we did a similar experiment with a more complex, three-layer crustal model (Fig. 3) . Velocities and densities for this crust model are derived from the average values of the crustal structure beneath 180 eastern Eurasia stations from CRUST2.0 (water, ice, and sediment layers are also excluded), though we arbitrarily fix the thickness of each layer to be one third of the total crustal thickness. These parameters are shown in Table 1 . Unlike in Figure 2 , the frequency dependence in travel times does not disappear when the crustal thickness is equal to, or larger than that of the reference model (35 km). This is attributable to reverberations in the shallow crust in the three-layer model. So in addition to crustal thickness, the internal layering in the crust, in particular, the strong reflection in the shallow crust, may also have a significant effect on the waveforms and thus the travel times measured by waveform cross correlation.
The preceding synthetic experiments illustrate that, for travel times measured by waveform cross correlation, the effects of crustal reverberations are frequency dependent and must be taken into consideration in tomographic inversions. Crustal corrections calculated simply from ray theory for the direct arrival may leave large biases in the travel times of low-frequency waves and even short-period waves if strong reflectors exist in the shallow (depth Ͻ5 km) crust. Since most of the oceanic crust and a significant portion of the continental crust have a thickness within the range of 5 to 30 km, this bias in travel times may significantly degrade the resolution of the mantle structure in seismic tomography (van der Hilst and de Hoop, 2005) . Frequency-dependent crustal corrections should be applied in FFST and other studies using low-frequency seismic records.
Practical Considerations
If an accurate crustal structure is available, the effect of crustal reverberations on waveforms can be removed by deconvolving the crustal response from the observed seismograms. The crustal corrections calculated from ray theory (Bassin et al., 2000) . The thickness of each layer is one third of the total crustal thickness. The average P-wave crustal velocity (6.55 km/sec) is higher than that in IASP91 (6.08 km/sec). The source time function is shown in Figure 1a . *Stations are within the range of (20Њ S to 60Њ S, 60Њ E to 160Њ E).
can then be used properly for signals at all frequencies. However, this approach may not be practical since the deconvolution process is sensitive to the response, which requires a very accurate crustal model (Obayashi et al., 2004) . Crustal corrections can also be approximated without the deconvolution of recorded waveforms by following the steps in Figure 1 . In practice, this may also be achieved by calculating the impulse response of the crustal model directly, and filtering the response within the specified frequency bands. Real seismic records may have a higher energy toward the low-frequency end of the selected frequency band or vice versa. Thus real data may have a spectrum that is somewhat different from the impulse response, whose power spectrum is flat. This mismatch between the spectra of real records and the impulse response may introduce errors into the crustal corrections for travel times measured by waveform cross correlation. Our synthetic experiments show, however, that this error is likely negligible with narrow frequency bands. Figure 4 shows the difference between the correction obtained from synthetic seismograms with a known source time function (cc1) and that directly from the impulse response of the crust (cc2). We conducted this synthetic experiment for two sets of crustal models and several different source time functions having various power spectra. For the three frequency bands and all crustal models with different thicknesses, most of the differences between the two approaches are less than one sampling interval (0.05 sec), and the biggest one is 0.08 sec. This result suggests that, to first order, the crustal corrections within individual frequency bands are not very sensitive to the spectrum of the incoming wave and one may choose to use corrections measured directly from impulse responses to approximate those for observed waveforms.
With the preceding approximations, a first-order crustal correction can be obtained through the following steps: 3. Filter the responses in the same frequency ranges as those of real data. 4. Cross-correlate the two filtered responses from the ref-
erence model and the model for a station to measure the correction for a specified frequency band. 5. Apply the correction to the corresponding travel time of the observed waveform at the station.
To get a quantitative estimate of the magnitude of frequency-dependent crustal corrections in a real-world situation, we applied this crust-correction procedure to broadband seismograms recorded at stations in the western Pacific. The crustal models beneath these stations are from CRUST2.0 (Bassin et al., 2000) . Figure 5 shows an example of the effect of the frequency-dependent crustal correction on travel time shifts, in which the magnitude of crustal correction is comparable to the relative delays measured by cross correlation and the difference between the high-and low-frequency corrections is as much as 25% of the traveltime delays.
There are two other assumptions in the previous examples that one may consider in the crustal correction. First, the uppermost mantle velocity affects the impedance contrast at the Moho and thus has an effect on the waveform of the crustal reverberation and on the crustal correction. In many cases (e.g., the global crustal model CRUST2.0), the uppermost mantle velocity is unavailable. One has to assume a velocity for the uppermost mantle. To assess how this assumption affects the crustal correction, we changed the uppermost mantle velocity and compared crustal corrections with that based on the IASP91 velocity. A ‫%7.3ע‬ variation in the uppermost mantle velocity (7.75-8.35 km/sec) causes a very small difference (0.035 sec) in the measured lowfrequency travel times. Therefore, to first order, the effect of the uppermost mantle velocity is negligible.
Second, we assume flat crustal interfaces in these calculations of the crustal response. The real crust has 2D or 3D variations in velocity and interfaces, which have more complex influences on the waveforms of recorded broadband signals. For regions having well-constrained 2D or 3D crustal models, the crustal responses can be calculated with other techniques (e.g., Komatitsch and Vilotte, 1998; Frederiksen and Bostock, 2000; Kang and Baag, 2004) . This paper focuses on P waves. We note that teleseismic S waves are usually observed at periods of several seconds and longer. Depending on the frequency of the S arrivals and the crustal structure, reverberations of S waves in the crust may also overlap with the direct S arrival and thus affect the travel times measured by waveform cross correlation. The Figure 5 . The filtered high-(0.5-2.0 Hz) (a) and low-(0.03-0.1 Hz) (b) frequency seismograms at six stations in the western Pacific. Seismograms are aligned according to the time shifts determined from waveform cross correlation. The vertical bars mark the time shifts (relative to the "r" bar in the first trace) calculated from the waveform cross correlation ("c"). "h" and "l" represent the adjusted time shifts after the crustal corrections estimated from the impulse response in the high-and low-frequency bands, respectively. In low-frequency seismograms (b), the time shifts with crustal corrections calculated from the high-frequency impulse response ("h") are also shown for comparison with "l". Values after station names are the thickness of the crust beneath the station in kilometers (Bassin et al., 2000) and the ray parameter in seconds per kilometer The earthquake occurred at 02:45:59 on 7 September 2001, and the epicenter was at (13.16Њ S, 97.30Њ E).
frequency-dependent S crustal correction can be determined in the same way as outlined for P waves.
Conclusions
Through a series of synthetic experiments, we demonstrate that the effects of crustal structure on travel times measured by waveform cross correlation are frequency dependent. The difference in crustal correction between high-and low-frequency arrivals could reach as large as 0.65 sec for a relatively thin crust and crust with strong shallow reverberations. As a result, this frequency dependence in travel times measured by waveform cross correlation cannot be ignored in finite-frequency tomography or any tomography using low frequency or broadband body waves. The frequency-dependent crustal correction can be approximated, to first order, by cross-correlating the impulse responses of a crust model filtered in a narrow frequency band.
